Background-A key mechanism responsible for atrial fibrillation is multiwavelet re-entry (MWR). We have previously demonstrated improved efficiency of ablation when lesions were placed in regions of high circuit-density. In this study, we undertook a quantitative assessment of the relative effect of ablation on the probability of MWR termination and the inducibility of MWR, as a function of lesion length and circuit-density overlap. Methods and Results-We used a computational model to simulate MWR in tissues with (and without) localized regions of decreased action potential duration and increased intercellular resistance. We measured baseline circuit-density and distribution. We then assessed the effect of various ablation lesion sets on the inducibility and duration of MWR as a function of ablation lesion length and overlap with circuit-density. Higher circuit-density reproducibly localized to regions of shorter wavelength. Ablation lines with high circuit-density overlap showed maximum decreases in duration of MWR at lengths equal to the distance from the tissue boundary to the far side of the high circuit-density region (high-overlap, −43.5% [confidence interval, −22.0% to −65.1%] versus low-overlap, −4.4% [confidence interval, 7.3% to −16.0%]). Further ablation (beyond the length required to cross the high circuit-density region) provided minimal further reductions in duration and increased inducibility.
A trial fibrillation (AF), despite its prevalence and clinical and financial impact, 1 has remained difficult to treat either pharmacologically or interventionally. 2 Catheter ablation is potentially curative but has demonstrated only modest success in paroxysmal AF and yields relatively poor results when applied to more advanced AF. 3, 4 The reason for this poor performance likely stems from our current lack of knowledge about how lesions should be placed to maximize their antiarrhythmic effects. Suggested ablation strategies have been aimed at both the triggers that initiate episodes of AF 5, 6 and at the substrate responsible for its perpetuation. 7 However, without a detailed mechanistic understanding of how ablation actually terminates AF, these strategies remain largely guesswork.
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Although there are many potential mechanisms by which the atria can fibrillate, there are much data to support a prominent role for multiwavelet re-entry (MWR). [8] [9] [10] [11] We have previously demonstrated that MWR is comprised of multiple coexisting, temporally and spatially dynamic circuits. 12 Termination of MWR requires interruption of each of these circuits, but because they are constantly changing in space and time, there is no immediately obvious location for an ablation lesion that would achieve circuit interruption. For this reason, circuit interruption must be viewed as a probabilistic phenomenon that occurs whenever a wavelet happens to impinge on a line of nonconducting tissue, be it an anatomic boundary of the atrium or a lesion created by catheter ablation. Seen in this way, the goal of ablation then becomes the placement of lesions so as to maximize the probability of circuit collision.
We have previously demonstrated that the extension of atrial boundaries via ablation can increase the probability of collision, circuit interruption, and MWR termination. 12 We have also shown that the efficacy of ablation can be enhanced by delivering lesions to areas of tissue having high circuitdensity. 12 These represent powerful principles on which to build an ablation strategy, but they must be constrained by the need to minimize total lesion burden so as to minimize the associated morbidity. The optimized placement of lesions to treat MWR thus requires a detailed understanding of how MWR initiation and termination are affected by total lesion length and by the placement of lesions relative to the regional circuit-density distribution across the atrial tissue. Gaining this understanding was the goal of the present study, which we undertook in the precisely controlled virtual environment of a computation model of electrophysiology.
Methods

Computational Model of Cardiac Propagation
To explore the interplay among ablation length, overlap with circuitdensity, inducibility and re-entrant duration, we required a model of cardiac tissue detailed enough to exhibit MWR but computationally inexpensive enough to simulate thousands of unique scenarios in a reasonable timeframe. For this purpose, we used a physics-based cellular automaton that has been described previously. 13 Our model consists of a 2-dimensional (2D) array of electrically excitable cells (each representing a large group of myocytes) connected via resistive pathways. Each cell generates an action potential (AP) when it receives sufficient current from neighboring cells and subsequently undergoes a period of refractoriness. The exact characteristics of each cell's AP are determined by (1) its programmed baseline parameters (eg, upstroke velocity, repolarization duration, restitution) and (2) electrotonic current shifts. Intercellular resistance (ICΩ) is user defined. AP duration (APD) was heterogeneous throughout the tissue; each cell's value was randomly chosen from a programmed mean and range. In some experiments, we created a tissue patch in which APD varied about a shorter mean value, and ICΩ was higher than the remainder of the tissue.
Tissue Designs
We created a series of 7 tissues (80×80 cells), baseline APD 130±5 ms and ICΩ 9 Ω. Some tissues contained a short wavelength patch (created by shortening APD and increasing ICΩ). Patch size, shape, location, and APD/ICΩ were varied (Table) . Tissues 1 to 3 varied the minimum distance of the patch from the outer tissue boundaries while maintaining the same overall patch size, shape, and APD/ICΩ parameters. In tissues 4 and 5, the patch had the same characteristics as in tissue 1, except the width was increased 2-and 3-fold, respectively. In tissue 6, the patch was the same as in tissue 1, except with a reduced gradient of APD/ICΩ relative to the remainder of the tissue (patch: APD, 105±5 ms; ICΩ, 11 Ω). Tissue 7 had no patch.
Circuit-Density Mapping
In each tissue, we attempted to induce MWR using high-frequency stimulation (0.1 kHz for 1000 ms). During successive simulations, stimulation was performed at each of 64 sites (8×8 grid). The cell voltages of the entire tissue were recorded for 10 000 ms. We created a custom algorithm for identifying the density and distribution of circuit cores during each episode of MWR. At each time step, we used an edge finding algorithm on the basis of Sobel approximation of spatial derivatives to identify the leading edge of activation wave-fronts (MathWorks, Natick, MA). The ends of each leading edge were tracked through time; if the path of a wave-end returned to a previous position (after ≥50 ms), it was considered to have formed the core of a re-entrant circuit. All cells circumscribed by this closed wave-end path were considered to be within the circuit core. For each cell, the number of times that it was contained within a circuit core (normalized to the maximum circuit-density in that tissue and summed over all episodes of MWR) was considered to be that location's circuit-density.
We examined the reproducibility of circuit-density distributions by repeating the above experiment in tissues 1 (heterogeneous tissue parameters) and 7 (homogeneous tissue parameters) using 2 additional sets of starting positions (similar to the original 8×8 grid of starting positions but shifted by a single cell). Two-dimensional correlations between resulting distributions for the respective tissues were calculated using the MATLAB function corr2:
Ninety-five percent confidence intervals (CIs) for both tissues were then determined.
Ablation Algorithm
Ablations consisted of branching trees of linear scar (unexcitable, electrically disconnected). Lesion sets were generated with a custom randomization algorithm. All lesions were connected to an outer tissue edge. Lesions were encoded as nodes connected by lines. The first node was positioned adjacent to the tissue (such that all lines were peninsulas; no structural re-entrant circuits could be formed). Subsequent nodes were positioned at random sites within the tissue. Each node had a pointer that determined which node it was connected to. Nodes had a hierarchy; each node's order was determined by the number of line segments that separated that node from the tissue edge. Lower-order nodes could be attached to any higher-order nodes. Multiple lower-order nodes could be attached to the same higher-order node, but each node had only one higher-order attachment. Nodes (and lines) were added until some predefined length was reached. Ablation trees that enclosed regions of tissue were rerandomized to preclude creation of quarantined cells. Figure 1 shows an example of an ablation tree encoding and translation. In the encoding, each node is comprised (1) a pointer describing which higher-order node it is connected to (a pointer of 0 indicates that a node is attached to the tissue boundary) and (2) an X and Y coordinates describing its position within the tissue.
Experimental Protocols
For each of the 7 tissues, we assessed (1) circuit-density and distribution, (2) percent inducibility of MWR, and (3) average time-to-termination of MWR. Each assessment was made at baseline (no ablation) and then repeated in the presence of ablation. We randomly generated 375 000 different ablation trees from 10 to 150 cells in total length (in 10 cell increments), with 25 000 trees at each length. Ablation trees were laid over the baseline circuit-density maps of each tissue and then sorted according to their average circuit-density overlap (defined as the sum of the normalized circuit-density values of each cell that was covered by the ablation lesion set divided by the total number of ablated cells). All 25 000 ablation trees were sorted according to their circuit-density overlap, and these values were then sorted into deciles. From the 25 000 ablation trees, the 10 trees whose circuitdensity overlap was closest to each decile were selected and then applied to each of the tissues.
We evaluated the effect of these ablation trees on the tissue's ability to support MWR by burst pacing (0.1 kHz for 1000 ms) from 20 randomly selected pacing sites. The percentage inducibility of MWR and average time-to-termination (≤100 000 ms for all episodes that lasted ≥2000 ms) were assessed. The percentages of successful induction attempts and the durations of successful re-entrant runs were averaged for each ablation length and for each overlap percentile.
To test the impact of ablation position relative to the high circuitdensity patch on time-to-termination, we created 2 homogeneous tissues of 80×80 cells, 1 with and 1 without a high circuit-density patch. In both tissues, a linear ablation was placed perpendicular to the tissue boundary either close to or remote from the patch (Figure 2 ). Burst pacing from a random position (0.1 kHz; 1000 ms) was then performed to attempt induction of MWR. This was repeated 1000×, and the mean duration and inducibility were recorded. Times to termination resulting from near and far ablation lines were compared using a Student t test for both tissues.
Error bars were based on SEs of the mean. All of our computations were performed on the Vermont Advanced Computing Core (University of Vermont).
Results
Circuit-Density Distribution
We generated maps of the baseline (preablation) circuitdensity/distribution for each of the 7 tissues. In each case, circuits were heterogeneously distributed across the tissue ( Figure 3 ). In tissue with a short wavelength patch, circuitdensity was always higher in the region of the patch, regardless of the site of induction, and there was a large gradient in circuit-density between the minimum and the maximum sites. In contrast, in tissues without a short wavelength patch, the distribution of circuits varied depending on the site from which pacing/induction occurred, and the gradient in circuitdensity was minimal. We quantified the reproducibility of circuit distribution by calculating the 2D correlation between repeated maps of the same tissue when MWR was induced from different pacing sites. In tissue without a patch, the 2D correlation was 0.209 (95% CI, 0.0550-0.3639), whereas in tissue with a patch 2D, the correlation was 0.851 (95% CI, 0.7830-0.9197).
Inducibility of MWR
In the tissue without a short wavelength patch (7) and the tissue with a low wavelength gradient between the patch and the surrounding tissue (6) , there was a steady increase in MWR inducibility as ablation length increased (Figure 4 ). By contrast, in the tissues containing a markedly aberrant patch (1-5), there was a triphasic impact of ablation length on inducibility of MWR. First, inducibility markedly increased during phase 1 when the ablation line had not become long enough to reach the high circuit-density region. Inducibility then decreased slightly during phase 2 when the ablation line made its way across the high circuit-density region. Finally, inducibility increased again in phase 3 as the ablation line moved beyond the high circuit-density region. Furthermore, there was no significant difference in inducibility between an ablation in phase 3 and an equivalent length ablation that did not intersect with the high circuit-density patch.
Ablation Efficiency
We define ablation efficiency as the amount by which mean time-to-termination decreases when an additional ablation point is added to an existing ablation line. In the tissue without a short wavelength patch (7) and the tissue with a low wavelength gradient between the patch and the surrounding tissue (6) , the duration of MWR decreased approximately linearly with increasing ablation length ( Figure 5 ), and this relationship was independent of whether the ablation lines overlapped with high circuit-density areas of the tissue. In other words, ablation efficiency was constant. In contrast, in the tissues that had a short wavelength patch (1-5), MWR termination time was strongly affected by the degree to which the ablation lines overlapped with the short wavelength patch. Also, the ablation efficiency varied substantially with ablation length, exhibiting the same 3 phases as seen in Figure 4 with MWR inducibility. Thus, phase 1 had negative ablation efficiency, phase 2 had very high positive efficiency, and phase 3 had slight positive efficiency ( Figure 5 ). The end of phase 2 marked the point of maximum decrease in time-to-termination (high-overlap, −43.5% [95% CI, −22.0% to −65.1%] versus low-overlap, −4.4% [95% CI, 7.3% to −16.0%]; percentages are relative to time-to-termination of respective tissue without ablation).
Proximity to High Circuit-Density Patch
Finally, we examined the effect of ablation line proximity to a high density patch before the line becoming long enough to impinge on the patch itself. Short ablation lines were placed either at the bottom right or at the top left of the squares of tissue shown in Figure 2 . In the tissue without a short wavelength patch, line location had no significant effect on time-to-termination (2.23×10 4 versus 2.03×10 4 ms; P=0.07). In contrast, in the tissue that had a short wavelength patch, the line closer to the patch caused time to MWR termination to increase substantially more than the more distant line (6.99×10 4 versus 3.45×10 4 ms; P<0.001).
Discussion
Successful ablation of AF requires alteration of a tissue's propensity to support the initiation and perpetuation of MWR. We found that inducibility, measured as the ability of rapid pacing to produce MWR, varied with tissue properties and with the presence, extent, and location of ablation lines (Figures 2-5 ). Perpetuation, measured as mean time-to-termination of MWR, varied depending on whether ablation lines predominantly caused wave-annihilation or new wave-formation.
Initiation: Ablation Lesion Placement and Inducibility of MWR
In order for pacing to result in MWR, wavebreak must occur (otherwise contiguous concentric activation wave-fronts propagate until they reach a tissue boundary and then extinguish). 14, 15 There must also be rotation of the wave's leading edge and propagation in a closed continuous path to create a circuit. 16 Any tissue property that increases the probability of wavebreak (and wave-rotation) will increase the inducibility of MWR.
Source-sink mismatch (where excited tissue has insufficient current to bring neighboring unexcited tissue to its activation threshold) can provide the conditions for wavebreak and re-entry. 17 Source-sink balance is a dynamic feature of tissue, varying with wave-shape, diastolic intervals, and many other emergent physiological parameters. The probability that source-sink mismatch (and hence wavebreak) will develop is increased in the presence of regional tissue heterogeneity. 10 Wavebreak itself can produce the necessary conditions for rotation. 15, 17 Once wavebreak has occurred, there is a gradient of source-sink balance along the wave's leading edge. In the middle of a wave's leading edge, each cell acts as the source for the tissue directly in front of it. The excited cells at the broken end of the leading edge (site of wavebreak) are the source for the sink cells that lie in front and to their side ( Figure 6 ). This results in slower conduction at the broken end and more rapid conduction along the leading edge. 16 Ablation lines can decrease sink size. As a wavefront travels along an ablation line, current cannot flow into the ablated cells (which are electrically disconnected), thus the sink is composed of the unexcited cells directly in front of the wave's leading edge. As a wave propagating along an ablation line reaches the end of that line, there are suddenly cells in front of and to the side of the wavefront which must be excited. The result is an abrupt increase in sink size. Whether this increased sink is sufficient to create wavebreak depends on the sourcesink balance of the unablated tissue. Our data suggest that ablation lesions in tissue regions that have a low propensity for wavebreak (preablation) can increase the likelihood of wavebreak and, therefore, increase inducibility. However, in tissue regions that, because of their electrophysiological properties, have a high propensity for wavebreak, delivery of an ablation line can diminish the likelihood of wavebreak/circuit formation and reduce inducibility. 
Perpetuation: Termination of MWR is a Probabilistic Phenomenon
Unlike in arrhythmias with fixed anatomic circuits, termination of MWR is a probabilistic phenomenon. 12 MWR is composed of multiple coexisting circuits; when all waves are extinguished MWR terminates. The total wave population is determined by (1) the number of new waves formed (eg, through wavebreak) and (2) the number of waves annihilated (eg, via core collision with an outer boundary). When the core of a circuit collides with an outer boundary, its circuit is interrupted and that wave's re-entry ceases. 12 When wavebreak occurs in the leading edge of a wave, new circuits can be formed. Circuits are spatially dynamic in MWR; therefore, the likelihood of a collision (and termination/wave-number reduction) is dependent on the probability of a core meandering into an outer boundary. If one can increase wave-annihilation without increasing new wave-formation, then the probability of termination can be increased.
We hypothesized that by increasing the total length of the tissue boundary through the addition of ablation lines contiguous with the outer boundary, we would increase the probability of collision events and thus increase the likelihood of MWR termination. We further hypothesized that placing ablation lines in areas of high circuit-density would increase the probability of core collision and wave-annihilation and, therefore, of MWR termination. Interestingly, although we did find shorter times to termination when ablation lines were placed in high circuit-density regions ( Figure 5 ), we also found that ablation in areas of low circuit-density increased time-to-termination. This indicates that increasing waveannihilation is not the only effect that an ablation line can have on MWR.
As discussed above, ablation lines can increase the propensity for wavebreak and thus new circuit formation, as may occur when the leading edge of a wavefront interacts with the end of an ablation line. The effect of an ablation line on the probability of MWR termination is thus dependent on whether the line is more likely to interact with the leading edge of an existing wave to produce a new wave or to interrupt the core of a circuit and annihilate an existing wave. In heterogeneous tissue, cores are, by definition, more likely to be found in the high circuit-density areas. Accordingly, ablation lesions placed in high circuit-density areas are more likely to meet moving cores and thus terminate their corresponding waves, which explains the increased efficiency of lesions placed in high circuit-density areas ( Figure 5 ). However, the leading edges of the waves that rotate around these cores move outward, and thus tend to propagate away from the high circuitdensity areas, and so may interact with ablation lines placed in low circuit-density areas to generate new waves. This explains the negative ablation efficiency of lines placed in low circuitdensity regions of tissue.
Tissue Properties, Circuit Distribution, and Map Utility
As described above, tissue properties determine (in a probabilistic fashion) the distribution of circuit cores. If tissue properties are homogeneous, then over time any tissue location has an equal probability of containing a core. This has 2 consequences: (1) the circuit distribution over one time period may not be the same as the distribution over some future time period and (2) there is no site at which one can expect that an ablation line is more likely (on average) to interact with a core than any other sites. In contrast, if there is regional White arrows represent the direction of current flow from source to sink. Unbroken wave-fronts have the same conduction velocity at all points (in homogeneous tissue) and proceed in a straight line. In the event of wavebreak, slower conduction velocity at the wave-end (because of increased sink size) produces rotation and can lead to re-entry. December 2013 heterogeneity of tissue physiology, circuit cores have a higher probability of existing in certain regions (eg, short wavelength patches). Under these circumstances (1) there is a higher likelihood that the circuit distribution will remain the same over time and (2) one can, therefore, place an ablation lesion in a site that has a higher probability of resulting in core collisions. Thus, circuit-density mapping can usefully be used for determining optimal lesion placement when there is regional heterogeneity of tissue physiology. When regional heterogeneity is reduced, circuit distribution becomes less reproducible. This means that a circuit-density map will be less predictive of future circuit distribution and, therefore, be of less value as a guide to ablation placement.
In the clinical setting, it is not easy to directly measure many of the tissue properties that influence wavelength (eg, AP duration, source-sink mismatch). However, the distribution of tissue properties determines where circuit cores tend to be; therefore, by measuring circuit distribution, we are indirectly identifying tissue properties. The identification of high circuit-density regions allows us to determine where to place ablation lines so as to (1) maximize wave-annihilation and (2) minimize wavebreak, thereby minimizing inducibility and maximizing the probability of termination.
Clinical Correlation
In this and prior studies, we have proposed that termination of MWR requires circuit interruption via core collision with an outer boundary. 12 Linear ablation connected to a tissue edge increases the probability of such a collision; focal ablation does not directly cause circuit transection and does create the substrate for a new structural circuit. Despite this, focal ablation has been successfully used to target re-entry (rotors) in clinical practice. 18, 19 These seemingly incompatible perspectives may both be correct. A study from Ashihara et al 20 demonstrated that rotors within a patch containing distributed discontinuities can generate fractionated electrograms. When focal ablation was delivered to this region, rotors were not directly terminated but rather they were more likely to meander out of the patch and annihilate when colliding with a tissue boundary. 20
Limitations
The work described in this study was performed entirely in a computational model of electric propagation. Ultimate biological confirmation is essential, of course, and remains pending. Nevertheless, it would be practically impossible to address the questions of the present study in the detail we have achieved using anything other than a computational model because of the thousands of iterations required to obtain statistically reliable estimates of quantities, such as ablation efficiency and probability of termination as a function of ablation line length. Thus, our results establish the principles on which optimal ablation strategies can be designed. With a map of circuit distribution in a given patient, one can predict the effect of a particular lesion set on the inducibility and sustainability of MWR before delivering a single lesion.
Tissue geometry significantly influences source-sink balance, and the specific behavior of the human atria will be intimately related to its geometry (size, shape, boundary locations, and discontinuities). Our studies were performed in a very abstract domain: flat 2D sheets of tissue. As such they demonstrate the general principles of wave dynamics and their response to ablation but do not reveal specific details that can be anticipated in human atria.
Our study focused exclusively on MWR, thus our results do not apply to AF that results from focal drivers with fibrillatory conduction.
Conclusions
We have shown that short wavelength tissue patches reproducibly give rise to increased circuit-density during MWR. We have further shown that ablation at sites of high circuit-density is most effective at decreasing the time-to-termination while minimally increasing the inducibility of MWR. Importantly, ablation lines delivered at sites of low circuit-density do little to decrease time-to-termination and increase inducibility of MWR. We conclude that circuit-density maps provide a means to determine the most effective and efficient distribution of ablation lesions for treatment of AF.
